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NASA TT F-10,408 

MODELLING ENERGY EXCHANGE PROCESSES I N  ECOLOGICAL SYSTEMS 

A. B. Rubin 

(Academy of Sciences of t h e  USSR) 

ABSTRACT 

The au thor  d iscusses  the  mathematical  modelling of 
t h e  process  of energy exchange between s e p a r a t e  l i n k s  i n  
an eco log ica l  complex. An a r t i f i c i a l  eco log ica l  complex 
is viewed as a c losed  system, wi th  energy and m a s s  ex- 
change being a s e q u e n t i a l ,  branched chain.  A cha in  con- 
s i s t i n g  of t h r e e  components is considered as an example. 

An a n a l y s i s  of t h e  s t r u c t u r e  of a r t i f i c i a l  eco log ica l  systems shows t h e E *  
g r e a t  importance of c a l c u l a t i n g  the  i n t e r a c t i o n  between t h e  s e p a r a t e  compon- 
e n t s  of an eco log ica l  complex. It is  j u s t  t h e  i n n e r  dynamic c h a r a c t e r i s t i c s  
of a system which can determine t h e  t rend and s t a b i l i t y  of energy exchange 
between t h e  l i n k s  of an eco log ica l  chain under normal and unfavorable  con- 
d i t i o n s .  Mathematical modelling of the process  of energy exchange between 
s e p a r a t e  l i n k s  of a system is  an e s s e n t i a l  and i n  many cases, an indispens-  
a b l e  s t a g e  i n  t h e  cons t ruc t ion  of an eco log ica l  complex. 

An a r t i f i c i a l  eco log ica l  complex can b e  viewed as a c losed  system cons i s t -  
i n g  of s e p a r a t e  i n t e r r e l a t e d  l i n k s  which func t ion  due t o  e x t e r n a l  s o l a r  energy. 
The energy and m a s s  exchange i n  such a system can be thought of as a s e q u e n t i a l ,  
branched cha in  f o r  t r a n s f e r  of substance and energy between the  l i n k s .  L e t  ou r  
system c o n s i s t  of n l i n k s  i n  s e r i e s  
ate component, inc luding  components 
cha in  : 

-. 

(A,  B y  C... .)  each of which can be a separ-  
of nonbio logica l  o r i g i n ,  i n  an eco log ica l  

I 

The k i n e t i c s  of t ransforming separate components i n  such a cha in  i s  des- 
c r i b e d  as a system of nonl inear  d i f f e r e n t i a l  equat ions of t h e  type:  - 12  

"Numbers g i v e n ' i n  t h e  margin i n d i c a t e  t h e  pagina t ion  i n  t h e  o r i g i n a l  fo re ign  
t e x t .  
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(1) 
dR - = ~ ( ~ A B - [ - ~ a ~ - ~ ~ B - K ~ ~ C  I dl 1 - - .  

where t h e  terms KIAB and - K2BC descr ibe  t h e  i n t e r a c t i o n  i n  t h e  cha in  i t s e l f  
and t h e  terms +E2B - E B correspond t o  s i d e  r e a c t i o n s  of t h e  f i r s t  o rde r  of 3 
each of t h e  components. When t h e  main chain is  d i s r u p t e d  t h e  changes i n  t h e  
component B w i l l  be  determined only by t h e  cons t an t s  E2 and E3, whereas t h e  
express ion  (E2 - E3) may have any s i g n  and be equal  t o  zero.  

By way of example, w e  w i l l  d i scuss  a cha in  c o n s i s t i n g  of t h r e e  compon- 
e n t s  : 

I1 

According t o  t h e  model shown i n  I1 t h e  equat ions  system f o r  t h e  energy 
exchange has  t h e  form: 

An a n a l y s i s  of t h i s  system (2) conducted by t h e  methods of q u a l i t a t i v e  
theory  of d i f f e r e n t i a l  equat ions shows t h e  e x i s t e n c e  of a set of p a r t i c u l a r  
p o i n t s  each of which i s  a p a r t i c u l a r  po in t  of t h e  "center"  type  and de f ines  
t h e  f l u c t u a t i n g  mode of energy exchange processes .  

A cons ide ra t ion  of s e v e r a l  o the r  models of  energy exchange l eads  t o  a 
similar conclusion.  For example: 

I11 

IV 

There a l s o  are many o the r s .  
i s  t h a t  t h e  inf low and outflow of energy (mass) f o r  any component i n  t h e  
cha in  depends on t h e  concent ra t ion  of t h e  donor and t h e  acceptor  of t h e  
co-members i n  t h e  cha in  (Equation (1) ) .  The e x i s t e n c e  of p a r t i c u l a r  p o i n t s  

One th ing  i n  common which a l l  these  models have 
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of t h e  "center"  type make i t  p o s s i b l e  t o  speak of a s t a b l e  f l u c t u a t i n g  mode 
of energy exchange i n  t h e  systems discussed.  It is  p o s s i b l e  t o  determine /3 
t h e  necessary and s u f f i c i e n t  condi t ions  of r e l a t i o n s h i p s  between c o e f f i c i e n t s  
(energy exchange cons t an t s )  due t o  which, i n  t h e  system, t h e r e  is  a s t a b l e  
p e r i o d i c  mode. For Model 11, f o r  example, one such cond i t ion  i s  t h e  ex- 
p re s s ion  : 

I n  t h e  models d i scussed  t h e r e  i s  e i t h e r  a s t a b l e  f l u c t u a t i n g  mode of 
energy exchange, o r  t he  system i s  completely unable t o  achieve  a s t a t i o n a r y  
state.  

An i n v e s t i g a t i o n  of t h e  thermodynamic p r o p e r t i e s  of f l u c t u a t i n g  models 
and computation of t h e  va lue  of t h e  rate of  increment of entropy ( d i s s i p a t i o n  
of enery)  shows t h a t  t h e  va lue  of t h i s  equat ion  is  zero.  This is  r e l a t e d  
wi th  a t t a i n i n g  a s t a t i o n a r y  s ta te  i n  an open system wherein t h e  ra te  of i n -  
f low of entropy i s  equal  t o  t h e  rate of outf low from t h e  system. I n  many 
cases t h i s  may be caused by t h e  c y c l i c  n a t u r e  of t h e  t ransformat ion  of 
components i n  t h e  system. 

I n  a gene ra l  t h e o r e t i c a l  d i scuss ion  of t h e  processes  of energy exchange 
a de termina t ion  should be made of t h e  energy i n d i c a t o r s  of t h e  e f f e c t i v e n e s s  
and dynamics of t h e  processes  which take p l a c e  i n  t h e  s e p a r a t e  l i n k s .  Thus, 
t h e  coupl ing of t h e  au to t roph ic  and he te ro t roph ic  l i n k s  r e q u i r e s  knowledge 
of rates and energy drops during t h e  exchange i n  t h e  cha in  of i n t e rmed ia t e  
compounds which t a k e  p a r t  mainly i n  photosynthesis  and brea th ing .  The 
molecular  and submolecular c h a r a c t e r i s t i c s  of t h e  energy and mass exchange 
i n  s e p a r a t e  l i n k s  g ive  information about t h e  i n t e r n a l  s ta te  of an organism. 
Obtaining such information is completely e s s e n t i a l  f o r  p r e d i c t i n g  t h e  be- 
hav io r  of  b i o l o g i c a l  o b j e c t s  i n  t i m e  and a l s o  f o r  t h e  cons t ruc t ion  of auEo- 
matic c o n t r o l  systems i n  eco log ica l  complexes. It is  e s s e n t i a l  t h a t  under 
cond i t ions  of a r t i f i c i a l  a s s o c i a t i o n  the  process  of ob ta in ing  information 
b e  cont inuous and a t  t h e  same time, have no s i g n i f i c a n t  e f f e c t  on t h e  s ta te  
of t h e  b i o l o g i c a l  ob jec t .  
complex biochemical ana lyses  f o r  these  purposes.  
s p e c i f i c a l l y  t h e  record ing  of chemiluminescent photosynthesizing organisms, 
on t h e  con t r a ry ,  i s  very promising i n  t h i s  regard.  For record ing  t h e  l i g h t  
from chemiluminescence use  i s  made of low-noise pho toe lec t ron ic  m u l t i p l i e r s  
which o p e r a t e  as photon counters .  
s t u d i e d  a t  va r ious  i n t e r v a l s  of t i m e  fol lowing t h e  c e s s a t i o n  of l i g h t  ex- 
c i t a t i o n  of an o b j e c t  which is  placed p e r i o d i c a l l y  i n  f r o n t  of t h e  photo- 
cathode of t h e  record ing  b i o l o g i c a l  counter.  Experiments show t h a t  t h e  
i n t e n s i t y  of a f te rg low,  1+20 seconds a f t e r  c e s s a t i o n  of l i g h t ,  e x c i t a t i o n  
i s  connected wi th  t h e  rate of s epa ra t ion  of oxygen dur ing  photosynthes is .  
A t  t h e  same t i m e ,  t h e  i n t e n s i t y  of br ightness  a f t e r  1-2 minutes under 
t h e  same condi t ions  is  i n  keeping with t h e  processes  of accumulation of 
energy i n  high-energy phosphate bonds during photosynthesis .  

Apparently such a requirement precludes t h e  use  of 
The use of o p t i c a l  methods, 

Attenuat ion of chemiluminescence i s  

- 14 
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The method of chemiluminescence makes i t  p o s s i b l e  t o  judge t h e  rate of 
t h e  processes  of photosynthesis .  
l a r g e l y  on t h e  phys io log ica l  cond i t ion  of t h e  o b j e c t  and t h e r e f o r e  i s  an 
i n d i c a t o r  of i t .  Extensive development of t h e  methods f o r  record ing  t h e  
condi t ion  of b i o l o g i c a l  o b j e c t s  is  necessary t o  o b t a i n  t h e  i n i t i a l  d a t a  
needed f o r  making gene ra l  t h e o r e t i c a l  c a l c u l a t i o n s  i n  connection wi th  
coupl ing l i n k s  having d i f f e r e n t  q u a l i t i e s  i n  an eco log ica l  system. 

The na tu re  of t h i s  luminescence depends 
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